mains and blocks the generation of dI1 and dI3 neurons
. In of the dorsal spinal cord, the majority of which lie adja-GDF7-DTA mice, Lbx1 ϩ neurons were generated around cent to, but outside of the ventricular zone, which conthe dorsal midline (arrow in Figure 1J , compare to the tains proliferating neuronal progenitors that express wild-type spinal cord in Figure 1I ). Moreover, a defined Pax7 ( Figure 1A, We tested whether the upregulation of Isl1/2 in neurons of Lbx1
LacZ/LacZ mice is caused by a cell-autonomous mechanism. In heterozygous Lbx1 ϩ/LacZ mice at E10.5 or E12.5, no neurons produced ␤-galactosidase and Isl1/2 ( Figure 4M ; data not shown). In homozygous Lbx1
LacZ/LacZ mice, ectopic Isl1/2 ϩ neurons produced ␤-galactosidase at E10.5 (arrowhead in Figure 4N ) and E12.5 (data not shown). ␤-galactosidase, however, was not maintained in ectopic Isl1/2 ϩ cells, and staining was lost as Figure 4B ). These ectants. In control embryos at E10.5, dI4 neurons produce Lim1/2, but not Brn3a, and are distinct from the dI2 topic Isl1/2 ϩ neurons were Brn3a ϩ and produced no or negligible levels of Lmx1b protein ( Figure 4B ; data not neurons that coexpress Lim1/2 and Brn3a (indicated in Figure 5A ). In Lbx1 LacZ/LacZ embryos, ectopic Lim1/2 ϩ / shown). Lmx1b mRNA, however, was not reduced to comparable levels at this stage (data not shown). LacZ/LacZ mice, ectopic Lim1/2 ϩ /Brn3a ϩ mice, a dramatic increase of Isl1/2 ϩ neurons was observed, and these neurons arose in a broad domain neurons emerged in this domain ( Figure 5E ). As these ectopic neurons matured and moved laterally, they ( Figure 4E ). In contrast, Lmx1b ϩ neurons were rarely detected in Lbx1
LacZ/LacZ mice, and those that were presgradually lost Lim1/2, as well as Brn3a. The significant reduction in the Lim1/2 staining intensity of lateral neuent stained poorly with anti-Lmx1b antibodies. Newborn ectopic Isl1/2 ϩ neurons produced Brn3a, but not Lim1/2, rons was accompanied by a small reduction in the number of dorsal Lim1/2 ϩ neurons ( Figures 5E and 5F ). At and many lost Brn3a during maturation (data not shown). At E14.5, the number of Isl1/2 ϩ neurons was also in-E14.5, the number of Lim1/2 ϩ cells was decreased 10-fold in the spinal cord of Lbx1 LacZ/LacZ mice ( Figures 5G-5I) . creased, and the number of Lmx1b ϩ neurons decreased (Figures 4G and 4H) .
Lim1-specific in situ hybridization signals were markedly decreased at E12.5 or E14.5 in the dorsal spinal cord The spatial distribution and temporal appearance of ectopic Isl1/2 ϩ neurons in the Lbx1 LacZ/LacZ mice sug-(see supplemental figure S3 ). Thus, downregulation of Lim1 expression is one mechanism that appears to gested that they are formed at the expense of Lmx1b ϩ neurons. This view was supported by neuronal counts cause the reduction of the number of Lim1/2 ϩ neurons, though increased apoptosis rates might also contribute ( Figures 4C, 4F, and 4I ). For instance, the sum of Isl1/2 ϩ and Lmx1b ϩ neurons in the dorsal spinal cord at E10.5 (cf. Figure 4K) . Thus, in Lbx1 mutant mice, further abnormal neuronal types are observed. These abnormal neuand E12.5 was similar in control and mutant mice (Figures 4C and 4F) . At subsequent developmental stages, rons, which we denote in the figure as dI4* and dIL A *, initially coexpress Lim1/2 and Brn3a and lose these cord neurons. Chick embryos were electroporated in ovo with an expression construct that produces mouse markers during maturation. It should be noted that dI2 neurons, a class A subtype, are the only normal neurons Lbx1. We observed significant reduction in the number of dorsal Isl1/2 ϩ neurons on the electroporated side of in the spinal cord that coexpress Lim1/2 and Brn3a ( Figure 1B) , and the dI4* and dIL A * neurons thus assume the spinal cord in all electroporated embryos (n ϭ 9), and no dorsal neurons coexpressed Isl1/2 and mouse molecular characteristics of dI2 neurons. We conclude that additional abnormal neurons of the B class assume Lbx1 (arrows in Figures 6D and 6G) . We conclude that Lbx1 represses Isl1/2 and, thus, the generation of a class molecular characteristics of class A neurons in Lbx1 mutant mice (see also Figure 8) .
A neuronal subtype, and that a derepression of Isl1/2 is responsible for the emergence of ectopic Isl1/2 ϩ neurons in the dorsal spinal cord of Lbx1 mutant mice.
Lbx1 Antagonizes the Differentiation of Class A Neurons
We tested whether the development of dI1 neurons, another class A subtype, is affected by misexpressed Using homeodomain factors as markers, the dI1-dI6 neuronal subtypes defined in mice were also distinLbx1. The homeobox factors Lh2a/b exclusively mark dI1 neurons. In the spinal cord of chick embryos electroguishable in the developing dorsal spinal cord of the chick (Figures 6A-6C figure S3 ). Neurons that produce ␤-galactosidase were, however, present in Lbx1 LacZ/LacZ mice, albeit at a reduced number, and their position was shifted to more superficial locations in the remnant dorsal horn (Figures 7A and 7B) . Thus, the changed differentiation program of dorsal horn neurons in Lbx1 mutant mice is reflected in an abnormal production of neurotransmitters.
We also examined the projections of sensory axons to the different dorsal horn laminae and to motoneurons, which are well defined at E18.5 (Ozaki and Snider, 1997).
Proprioceptive fibers that extend toward motoneurons and interneurons in the deep dorsal horn were readily observable in Lbx1
LacZ/LacZ mice ( Figure 7D, arrowheads) . However, Peripherin ϩ and TrkA ϩ fibers that project to upper layers of the dorsal horn remained superficial and appeared to barely penetrate into the spinal gray matter (arrows in Figures 7C-7F) . The aberrant terminal differentiation program of dorsal horn neurons in Lbx1 mutants also affects the afferent innervation of the dorsal spinal cord.
We examined the functional organization of sensory/ motor reflex circuits in Lbx1 mutants by electrophysiology. These experiments were carried out using hemi- 
